To investigate regional changes in calcium ion concentrations, we developed a new histochemical method using aequorin, a calcium ion-sensitive photopro tein. In this method, reagent film containing aequorin was made and an unfixed slice of frozen brain 16 fLm thick was placed on it. Tissue calcium ions permeated the reagent layer and the bioluminescence of aequorin-calcium ions was recorded photographically with high spatial resolu-It has been postulated that calcium ions play an important role in neuronal and/or tissue death fol lowing cerebral ischemia (Schanne et aI. , 1979). Al though various methods have been used to investi gate regional changes in calcium (Hossmann et aI. , 1985; Rappaport et aI. , 1987; Siesjo and Deshpande, 1987; Abe et aI. , 1988; Hadani et aI. , 1988; Uematsu et aI. , 1988), these methods have some limitations, including spatial resolution, quantification, differ entiation between intra-and extracellular space, and differentiation between ionic and non ionic forms. We report here a new method for visualiza tion of brain tissue calcium ions, using aequorin, a calcium ion-sensitive photoprotein.
tion. There was a close linear relationship (r = 0.903) between the optical density of the bioluminescent images and the logarithmic values of the tissue calcium ion con centration. Using this method, we could visualize the re gional tissue calcium ion distribution in pathological states in rat brains. Key Words: Aequorin-Calcium ion Immobilized enzyme-Rat brain.
(wt./vol.) and 2% (wt./vol. ), respectively, were dissolved together in distilled water. After filtration and cooling to room temperature, 1 ml of this solution was added to 1 mg of aequorin (Wako Chemical, Osaka, Japan) to yield a 50 fLM/L aequorin solution. Then 30 fLl of aequorin solution was spread on a cover glass (25 x 60 mm, 0.15 mm thick) in an area of 20 x 25 mm 2 . This cover glass was dried at room temperature for 3 h to obtain a gelatinolls mem brane. The membrane was designated the "reagent layer. " Aniline black in a fine powder (Nakalai Tesque, Kyoto, Japan) Was used to coat the adhesive surface of the reagent layer and this was termed the pigment layer. This black layer prevented reflection of light from the brain slice. These multilayer films were stored at -80°C until use (Fig. lA) .
Animal preparation
Nine adult male Wistar rats, weighing about 300 g, were used. After anesthesia with ketamine (70 mg/kg, i. m. ), focal ischemia was induced by occlusion of the left middle cerebral artery (Tamura et aI., 1981) . After 15 (n = 3), 60 (n = 3) and 240 (n = 3) min, a funnel cup was fitted onto the exposed skull surface and the brain of the animal was frozen in situ by pouring liquid nitrogen into the cup (Ponten et aI., 1973) . The frozen brains were kept at -80°C until analysis.
Histochemical analysis
The frozen brains were cut into 16-fLm thick slices in a cryostat at -20°C, mounted on the pigment layer, and firmly pressed against this layer using a cylindrical cork at the same temperature. Before the reagent film was taken from the cryostat, a thin glass was placed on the brain slice to prevent its drying or dewing. Nine seconds later, the film with the mounted brain slice was placed in direct contact with Tri-X pan black and white film (ISO 400; Eastman Kodak, Rochester, NY, U.S.A.) to record the aequorin bioluminescence ( Fig. lB) . Exposure time was 3 s at room temperature and the time was measured using a metronome in a dark room. In preliminary experiments, we determined that the actual temperature of the reagent film and brain slice was 2.8-3.6°C 9-12 s after being taken out of the cryostat, and then slowly increased up to room temperature. Fluid containing calcium ions diffused from the tissue through the pigment layer into the reagent layer. Calcium ion-aequorin bioluminescence emitted from the reagent layer blackened the photographic film. Exposed films were developed and their optical densities were measured using a densitometer.
To compare with the regional changes in tissue calcium ions, we also studied ATP and tissue pH. ATP histochem istry was carried out using a multilayer film technique with a firefly luciferase-immobilized membrane (Koba yashi et aI., 1989) . Tissue pH histochemistry was carried out using umbelliferone-saturated cellulose acetate films with ultraviolet illumination at 370 nm, as previously de scribed (Csiba et aI., 1983) .
Electrophysiological analysis
To compare the optical densities with the calcium ac tivity in the same brain tissue, regional tissue calcium was determined using a microelectrode. Single-barreled cal cium ion-selective microelectrodes were made using a sensor cocktail containing the neutral carrier ETH 1001 according to the method reported by Oiki and Okada (1988) . The calcium ion-selective microelectrodes were calibrated at 3°C before each measurement by applying a series of ethylene glycol bis (J3-aminoethyl ether) N,N,N' ,N' -tetraacetic acid (EGT A)-free solutions of pCa 6.0 to 2.0. After recording the tissue calcium ions using the histochemical method, the residual tissue blocks were kept at 3°C and five points in each sample (total number of measurement points was 45) were studied using the calcium ion-selective microelectrodes. The microelec trode was applied to the surface of the brain slice at a depth < 1 mm. The optical densities of the film negatives in the regions corresponding to the measured areas were plotted against the logarithm of the tissue calcium ion contents.
Calibration
Standard solutions containing 10 -3 to 10 -6 M calcium ions were made from a solution composed of 145 mM NaCl, 1 mM MgCI 2 , 10 mM HEPES (N-2-hydroxyethylpiperazine-N' -2-ethanesulfonic acid) (pH 6.6, 7.0, and 7.4), and 100 mM CaCI 2 • Calibration solu tions from 10-3 to 10-5 M were made by simple dilution, and for 10-6 M by using 1 mM of EGTA. Free calcium ion concentrations in Ca-EGTA were computed using a formula proposed by Oiki (1986) with set values of abso lute binding constants proposed by Martell and Smith (1974) ; pH was 6.6, 7.0, and 7.4; ionic strength 0.16 M, Mg 2 + 1 mM, and temperature 3°C. Each solution was frozen and stored at -80°C (standard frozen block). A 16-iJ.m section of the standard frozen block cut in a cryo stat at -20°C, was mounted on a reagent film and the emitted light recorded on the film. A calibration curve was obtained by plotting optical densities against the log arithm of the calcium ion concentrations.
Densitometry
A microcomputer-based densitometer (Richards et aI., 1985) was used to measure the optical densities of the brain slice images. This equipment consisted of an ana log-to-digital converter (FDM98-4; Photron, Tokyo, Ja pan) connected to a microcomputer (PC-9801RX; NEC, Tokyo, Japan), a 55-mm, f/2.8 lens (Micro-Nikkor; Ni kon, Tokyo, Japan) mounted on a charge-coupled device camera (TI-22A; NEC), and a light box for image analyt ical use (SFC, Tokyo, Japan). The analog-to-digital con verter had 256 x 256 pixels x 6-bit resolution. This equip ment was calibrated using the method of Richards et al. (1985) . The mean optical densities and standard devia tions of regions of interest (ROls) were calculated using the following criteria: All ROls contained at least 49 pix els (corresponding to 0.74 mm 2 of rat brain), and data were discarded when the SD was >0.04.
RESULTS

Brain slices
The image at the bottom of Fig. 2 shows the tis sue calcium ion distribution after 60 min of focal ischemia caused by left middle cerebral artery (MCA) occlusion. In these pictures, regions with high levels of calcium ions are brighter than those with fewer calcium ions. The middle image in Fig. 2 shows that A TP was depleted in the area perfused by the left middle cerebral artery. The image at the top shows that tissue became acidotic over a wider area than that in which ATP was depleted. The area of increased calcium ion content corresponded to that of ATP depletion. There were regional differ ences within the area of calcium ion increase. The greatest increases were along the border with the area where ATP was well preserved and in areas where ATP was heterogeneously preserved. Close to the ischemic area, where ATP was preserved with mild acidosis, calcium ion content was lower than in the surrounding area, where ATP was pre served. Calcium ion concentrations in intraventric ular CSF were higher than in normal brain tissue.
The correlation between optical density and the logarithm of electrophysiologically measured tissue MeA occi. 60 min.
FIG. 2. Regional distribution of tissue pH, ATP, and calcium ions in the rat brain after 60 min of focal ischemia caused by left MCA occlusion. ATP in the affected area decreased, and there was a sharp margin. The tissue became acidotic over a wider area than that of the ATP decrease. Tissue calcium ions increased in an area corresponding to the area of the ATP decrease. There were regional differences within the area of calcium ion increase. calcium ion content is shown in Fig. 3 . The corre lation coefficient was 0.903. 
Calibration curve
Tissue calcium ion content log(Ca " ) (M)
FIG. 3. Correlation between optical density and the loga rithm of brain tissue calcium ion content. After recording aequorin bioluminescence (data obtained from focal isch emic brain, n = 9), the calcium ion content in areas of brain tissue corresponding to areas of homogeneous optical den sity (n = 45) were measured using a microelectrode. The optical densities of those areas were plotted against the log arithm of their tissue calcium ion content. Optical density was strongly correlated with the logarithm of tissue calcium ion content (r = 0.903).
third-order polynomial, and at concentrations of calcium ions >10-4 M, a saturation effect was de tected. Changing the pH of the standard solution did not affect the relationship between optical den sity and calcium ion concentration. 
Changes in aequorin bioluminescence with time
To examine changes in aequorin bioluminescence with time, the reagent film mounted on the standard frozen blocks was repeatedly exposed on Tri-X pan film every 3 s. The relationship between optical density of aequorin bioluminescence and time var ied, depending on the concentration of calcium ions. Higher concentrations of calcium ions (10-3 to 10-5 M) were associated with lower optical den sities of aequorin, while a low concentration (10-6 M) resulted in a monophasic curve with a peak at 15 s (Fig. 5) . These findings may be related to the fact that there was a finite pool of aequorin in the re agent layer; thus, higher calcium ion concentrations would result in earlier consumption of aequorin, and vice versa.
DISCUSSION
Various methods have been used to measure tis sue calcium, but each method has its limitations. A 16-fLm section was cut from a standard frozen block and layered onto a reagent film. This reagent film was repeatedly exposed to Tri-X pan film every 3 seconds from 9 to 30 seconds. The x-axis shows the time after the section was removed from the cryostat. Note the tendency for the optical density to decrease at higher cal cium ion concentrations, while at a low concentration there is a monophasic curve with a peak at 15 seconds. We previously reported a multilayer film format method for histochemical visualization of ATP (Kobayashi et aI., 1989) . This method provides high quality images of regional A TP distribution in cere bral ischemia and kainic acid-induced epilepsy (Kobayashi et aI., 1990) . We now use aequorin, which is a calcium ion-sensitive bioluminescent protein, to visualize the calcium ion distribution in brain slices. Aequorin has several advantages for histochemical studies. It yields calcium ion activated bioluminescence without excitation en ergy, offering a higher signal-to-noise ratio than flu orescent indicators. It can be activated by a wide range of calcium ion concentrations, from 10-4 to 10-7 M (Blinks et aI., 1982) .
Light signals from aequorin in solution are de tected within 20-30 ms. Therefore, we added gelatin to the reagent layer to delay the diffusion of tissue fluid to that layer. In addition, aequorin light emis sion was delayed because the reaction temperature (3°C) was lower than room temperature. As shown in Fig. 5 , quantitative assessment of calcium ion concentration is greatly affected by time, so it was important that the reaction between tissue fluid and reagent layer begin at the same time in all areas of the brain slice. For this reason, we used frozen slices, mounting them on reagent film at -200e in the cryostat. By taking the reagent film out at room temperature, we sought to ensure that the reaction begin at the same time in the entire brain slice.
The discrepancy in the calibrations between brain tissue and the standard frozen block was partly due to a difference in the diffusion from tissue or frozen solution. Therefore, the optical density measured using this method may not exactly reflect the cal cium content of brain tissue. Nonetheless, there was a linear correlation between optical density and the actual calcium ion concentration of brain tissue.
In this study, we used microelectrodes to measure the actual calcium ion concentration in the tissue blocks used for the histochemical study. There are some uncertainties about the origin of calcium ions at this date. However, it is reasonable to assume that it includes both the extracellular and intracel lular compartment, because the tissue blocks were frozen and the cell membranes broken. Moreover, pH in the physiological range (6.6-7.4) has no major effect on the sensitivity of the method (Baylor et al., 1982) . Therefore, aequorin appears to be a suitable calcium ion indicator for use in brain tissue.
Our method revealed regional differences in tis sue calcium ion concentration after middle cerebral artery occlusion. In cerebral ischemia, calcium ions move from the extracellular space to the intracellu lar space. However, this ion shift per se does not yield a net increase in tissue calcium if calcium ions are not supplied from the plasma. This is the reason that calcium increases in the margin of the ischemic area.
In recent years, the development of multipara metric topographic approaches to brain pathology has made it possible to analyze regional changes of metabolism. This newly developed method for studying regional changes in calcium ions in tissue is easy to perform and may be of interest for this purpose.
